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RESUMEN
(OXVRGH GDWRV VDWHOLWDOHV HQ FRPELQDFLyQ FRQPHGLFLRQHV UHDOL]DGDV HQ VXSHU¿FLH SXHGHSURSRUFLRQDU
información valiosa acerca de la química atmosférica y la calidad del aire. En este estudio se comparan me-
GLFLRQHVHQVXSHU¿FLHGHGLy[LGRGHQLWUyJHQR122) realizadas mediante la técnica de espectroscopia óptica 
GHDEVRUFLyQGLIHUHQFLDO'2$6SRUVXVVLJODVHQLQJOpVFRQPHGLFLRQHVGHOLQVWUXPHQWRVDWHOLWDOSDUDOD
PHGLFLyQGHR]RQR20,SRUVXVVLJODVHQLQJOpVUHDOL]DGDVGHD/DVPHGLFLRQHVUHDOL]DGDV
GHVGHODVXSHU¿FLHSUHVHQWDURQJUDQGHVYDULDFLRQHVGLDULDV\IXHURQHQSURPHGLRWUHVYHFHVPiVDOWDVTXHODV
FROXPQDVPHGLGDVGHVGHHOHVSDFLR/DGLIHUHQFLDVHDWULEX\HDXQDIXHUWHKHWHURJHQHLGDGKRUL]RQWDOSUHVHQWH
HQODFDSDLQIHULRUGHODVFROXPQDVGH122, las cuales fueron muestreadas por el instrumento satelital a partir 
GHXQiUHDH[WHQVDGHLJXDOPDQHUDHVWDGLVFUHSDQFLDVHDWULEX\HDODVHQVLELOLGDGUHGXFLGDGHOVDWpOLWHFHUFD
GHODVXSHU¿FLHGRQGHVHHQFXHQWUDQODVPD\RUHVFRQFHQWUDFLRQHV$SDUWLUGHORVGDWRVGHO20,DQDOL]DGRV
VHUHFRQVWUX\HURQPDSDVGHGLVWULEXFLyQGH122VREUHHOFHQWURGH0p[LFR\VH LGHQWL¿FDURQWUHViUHDV
SULQFLSDOHVGHLQWHUpVOD]RQDPHWURSROLWDQDGHOD&LXGDGGH0p[LFRTXHIXHHOiUHDSUHGRPLQDQWHOD]RQD
DOWDPHQWHLQGXVWULDOL]DGDGH7XODDOQRUWH\HOYDOOHGH&XHUQDYDFDDOVXU(QHVWHDQiOLVLVVHGHWHFWDURQGH
LJXDOIRUPDYDULDFLRQHVHVWDFLRQDOHVGHFROXPQDVGH122 sobre el centro de México: se encontraron columnas 
PiVDOWDVGXUDQWHODHVWDFLyQIUtD\VHFDVHJXLGDVSRUODVGHODHVWDFLyQFDOLHQWH\VHFDODVFROXPQDVPiVEDMDV
VHHQFRQWUDURQGXUDQWHODpSRFDGHOOXYLDV(VWHFRQMXQWRGHGDWRVHYLGHQFLDHOWUDQVSRUWHGHFRQWDPLQDFLyQ
de este gas desde Tula hasta la Ciudad de México, así como al Valle de Cuernavaca.
ABSTRACT
The use of satellite data in combination with ground-based measurements can provide valuable information 
DERXWDWPRVSKHULFFKHPLVWU\DQGDLUTXDOLW\ ,Q WKLVVWXG\JURXQGEDVHG'LIIHUHQWLDO2SWLFDO$EVRUSWLRQ
6SHFWURVFRS\'2$6PHDVXUHPHQWVRIQLWURJHQGLR[LGH122) conducted in central Mexico are compared 
ZLWKWKHVSDFHERUQH2]RQH0RQLWRULQJ,QVWUXPHQW20,GDWDVHWRI*URXQGEDVHGPHDVXUH-
ments exhibited large day-to-day variations and were on average three times higher than the space-borne 
derived average over the observation site. This difference is attributed to strong horizontal inhomogeneity of 
WKHORZHUOD\HURIWKHPHDVXUHG122 columns, sampled over a large footprint from the satellite instrument. 
Also, a reduced sensitivity of the satellite observation near the surface, where the largest concentrations are 
H[SHFWHGFRXOGEHUHVSRQVLEOHIRUWKLVODUJHGLVFUHSDQF\)URPWKHDQDO\]HG20,GDWDVHWGLVWULEXWLRQPDSV
RI122DERYHFHQWUDO0H[LFRZHUHUHFRQVWUXFWHGDOORZLQJWRLGHQWLI\WKUHHPDLQDUHDVZLWKLQFUHDVHG122 
column densities: The dominating metropolitan area of Mexico City, the heavily industrialized region of Tula 
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WRWKHQRUWKDQGWKH&XHUQDYDFDYDOOH\WRWKHVRXWK,QWKLVDQDO\VLVVHDVRQDOYDULDELOLW\RI122 columns over 
FHQWUDO0H[LFRZDVGHWHFWHG¿QGLQJKLJKHU122 columns during the dry and cold season, followed by the dry 
DQGZDUPSHULRGDQG¿QDOO\WKHORZHVW122 columns were found during the rainy season. Pollution transport 
of this gas from Tula into Mexico City, as well as towards the Cuernavaca valley, is evident from this dataset.
Keywords'2$620,QLWURJHQGLR[LGHJURXQGEDVHGVSDFHERUQHFHQWUDO0H[LFR
1. Introduction
Mexico City is the third largest city of the world, 
ZLWKPRUHWKDQPLOOLRQLQKDELWDQWV81
It is located at 19.4º N latitude and approximately at 
DQHOHYDWLRQRIPDERYHVHDOHYHOPDVO)RU
several years Mexico City has experienced severe 
air quality problems, which have been addressed by 
authorities trough the implementation of various pro-
grams. While the countermeasures and technological 
improvements have effectively decreased the amount 
of some pollutants, the city continues to experience 
pollution episodes resulting on the frequent violation 
of air quality standards.
1LWURJHQ GLR[LGH 122 SOD\V DPDMRU UROH LQ
WURSRVSKHULFDQGVWUDWRVSKHULFFKHPLVWU\&UXW]HQ
1979). In polluted regions such as Mexico City, tro-
SRVSKHULF122 concentrations can be highly variable 
LQWLPHDQGVSDFHDQGDUHLQÀXHQFHGE\ERWKQDWXUDO
and anthropogenic emissions. In Mexico City, most 
RI WKH122 present in the atmosphere comes from 
fossil fuel combustion from transportation and partly 
IURPLQGXVWULDODFWLYLWLHV122 levels in Mexico City 
have decreased by 30% between 1990 and 2008, and 
the average surface concentration registered in 2008 
by four stations around the Universidad Nacional 
$XWyQRPDGH0p[LFR81$0FDPSXVLQ0H[LFR
City—where the ground-based measurements pre-
VHQWHGLQWKLVVWXG\ZHUHFRQGXFWHG²ZDVSSE
60$*')
Satellites provide global observations, allowing 
to retrieve information from nearly every region in 
WKHJOREH5HHV7KHUHDUHDQXPEHURILQVWUX-
ments measuring from space, covering a wide range 
of wavelengths, with different spatial resolution and 
viewing geometries. In this work we have focused 
RQWKH2]RQH0RQLWRULQJ,QVWUXPHQW20,/HYHOW
et al. DE D899,6VSHFWURPHWHURQERDUG
1$6$¶V(DUWK2EVHUYLQJ6\VWHP$XUDVDWHOOLWHDEOH
to provide a daily global coverage.
'DWDIURPWKH20,LQVWUXPHQWKDYHEHHQXVHGLQ
an extensive number of studies involving different 
DWPRVSKHULFJDVHVDV12223622+&+2DPRQJ
RWKHUV%KDUWLD&KDQFH7KH122 data 
products provide information about total and tropo-
VSKHULF122FROXPQV7KH122 dataset in particular, 
has been validated in different studies. Celarier et 
al.FRPSDUHG122FROXPQVIURP20,ZLWK
122 columns measured by the Système d’Analyse 
SDU2EVHUYDWLRQ=pQLWKDOH6$2=QHWZRUN¿QGLQJ
good agreement between the two of them although 
the measurements were not done at the same time. 
As a continuation, the different measurements and 
YDOLGDWLRQ DFWLYLWLHV IRU20,122 stratospheric, 
tropospheric and total columns using ground- and 
aircraft-based measurements were summarized by 
Celarier et al.*RRGDJUHHPHQWZDVUHSRUW-
HG EHWZHHQ20, DQG QHDUE\ LQVWUXPHQWV ¿QGLQJ
FRUUHODWLRQVKLJKHUWKDQZLWKJURXQGEDVHGLQ-
VWUXPHQWVZKHUHDV20,122 stratospheric and total 
columns were found to be underestimated by 14 and 
15-30%, respectively.
'XULQJWKH'XWFK$HURVRODQG1LWURJHQ'LR[LGH
([SHULPHQWV IRU9DOLGDWLRQ RI20, DQG 6&,$-
0$&+< '$1'(/,216  DQG  ILHOG
experiments in the Netherlands, Brinksma et al. 
IRXQGJRRGDJUHHPHQWEHWZHHQWURSRVSKHULF
122 IURP20, DQG0$;'2$6 0XOWL$;LV
DVZHOODVEHWZHHQWRWDO122IURP20,DQGGLUHFW
sun observations. Boersma et al.FRPSDUHG
20,122 tropospheric columns with in situ aircraft 
PHDVXUHPHQWVGXULQJWKH,17(;%FDPSDLJQ WKH
UHVXOWVVKRZHGJRRGFRUUHODWLRQZLWKQRVLJQL¿FDQW
bias between the two data sets. Irie et al. 
XVHG0$;'2$6PHDVXUHPHQWVWRYDOLGDWH20,
122 columns during the Mount Tai Experiment 
¿QGLQJWKDW20,GDWDPD\KDYHDSRVLWLYHELDV
of 20% over the North China Plain. Gruzdev and 
(ORNKRYIRXQGWKDWWURSRVSKHULF20,122 
FROXPQVPHDVXUHG RYHU=YHQLJRURG5XVVLDZHUH
approximately 40% lower than ground-based twilight 
measurements. Vlemmix et al.  FRPSDUHG
WURSRVSKHULFJURXQGEDVHGPHDVXUHG122 columns 
ZLWK20,VDWHOOLWH WURSRVSKHULF122 GDWD ¿QGLQJ
QRVLJQL¿FDQWGLIIHUHQFHDQGDFRUUHODWLRQRI
403NO2 DOAS measurements from ground and space
Ionov et al.FRQGXFWHGDJHRSK\VLFDOYDOLGD-
WLRQRI20,122 vertical column measurements with 
collocated ground-based observations at two stations 
LQFHQWUDO$VLDDQG(XURSH¿QGLQJWKDWPLGODWLWXGH
20,VWUDWRVSKHULF122 column data underestimates 
ground-based measurements.
'LUHFW6XQPRGHPHDVXUHPHQWVKDYHEHHQFRQ-
GXFWHGDVZHOOLQRUGHUWRYDOLGDWH20,122 columns. 
Wenig et al. XVHGGLUHFW6XQPRGH%UHZHU
measurements to conduct a validation study with 
20, WURSRVSKHULF122 columns concluding that 
monthly averages of coinciding measurements yield-
HGDFRUUHODWLRQRIKRZHYHU20,GDWDZDV
lower than the ground-based Brewer measurements. 
Herman et al.  FRQGXFWHG LQWHUFRPSDULVRQV
RI122 columns measured with ground-based direct 
VRODULUUDGLDQFHPHDVXUHPHQWVWR20,122 columns 
¿QGLQJJRRGDJUHHPHQWFRUUHODWLRQRI
Regional and global models have also been used 
WRFRPSDUHDQGYDOLGDWH20,122 tropospheric col-
XPQV.LPet al., 2009; Herron-Thorpe et al., 2010; 
+XLMQHQet al. 'LUNVHQet al., 2011) and to 
HVWLPDWH12[HPLVVLRQVIURPGLIIHUHQWVRXUFHV/LQ
2012). Recently, Beirle et al.  VWXGLHG12[
emissions and lifetimes from megacities and power 
plants, while Valin et al.XVHGWKHVXSHU]RRP
PRGHRI20,WRREVHUYH122 slant columns from 
SRLQW VRXUFHV DQG WZR FLWLHV FDSWXULQJ VLJQL¿FDQW
VSDWLDOYDULDELOLW\DW¿QHVFDOHV
,QWKLVZRUNWKH20,122GDWDSURGXFW20,
Aura nitrogen dioxide total and tropospheric column 
RUELW/VZDWKîNPGDWDVHWYHUVLRQ
has been analyzed and compared to ground-based 
measurements conducted at UNAM campus in Mex-
LFR&LW\122 column maps were reconstructed from 
WKH20,GDWDSURGXFWXVLQJDQDOJRULWKPEDVHGRQWKH
optimal estimation approach with a weighted assign-
PHQWRIWKHPHDVXUHPHQWRQWRD¿QHJULGLQRUGHU
to identify the spatial features of its distribution with 
higher resolution. Focus has been given to the study 
RI122 mainly to its role as a catalyst in the produc-
WLRQRIWURSRVSKHULFR]RQH23), which is responsible 
for one of the most severe air quality problems in the 
0H[LFR&LW\PHWURSROLWDQDUHD0&0$
2. Data set
2.1 OMI
20,LVDQDGLUYLHZLQJVSHFWURPHWHUFRYHULQJDVSHF-
WUDOUHJLRQRIQPFRQGXFWLQJDWPRVSKHULF
chemistry measurements with a resolution of 0.42-
QPVLQFHRQERDUG1$6$¶V(DUWK2EVHU-
YDWLRQ6\VWHP(26$XUDVDWHOOLWH$XUDIROORZVD
VXQV\QFKURQRXVSRODURUELWNPDOWLWXGHZLWK
an ascending local equator crossing time at 13:45. 
20,VREVHUYDWLRQVSURYLGHFRPSOHWHJOREDOFRYHUDJH
LQRQHGD\ZLWKDQRPLQDOJURXQGIRRWSULQWRIî
24 km2 DWQDGLU 20,7HDP ,WPHDVXUHVD
QXPEHURIDLUTXDOLW\FRPSRQHQWVVXFKDV122622, 
%U2+&+2DQGDHURVROV/HYHOWet al.DE
7KH20,RSHUDWLRQDODOJRULWKP LVGHVFULEHG LQ
detail by Bucsela et al.)RUWKHHYDOXDWLRQRI
VSHFWUDUHFRUGHGE\20,DVLPLODU'2$6PHWKRG
3ODWWDQG6WXW]LVXVHGDVIRUWKHJURXQGLQ-
VWUXPHQWV,QWKLVPHWKRGDVSHFWUDO¿WLVDSSOLHGWR
all measured spectra. The evaluation of spectra results 
RQVODQWFROXPQGHQVLWLHV6&'VIRUHDFKYLHZLQJ
SL[HO7KH FRPSXWHG6&'V DUH WKHQ FRQYHUWHG WR
YHUWLFDOFROXPQGHQVLWLHV9&'VXVLQJDQDLUPDVV
IDFWRU $0)7KH$0) LV WKH UDWLR EHWZHHQ WKH
UHWULHYHG6&'DQGWKH9&'7KH$0)FRQFHSWZDV
introduced by Solomon et al.DQGLVGHSHQGHQW
on clouds and aerosols, as well as viewing geometries 
and surface albedo.
,QWKLVZRUNWKH20,$XUDQLWURJHQGLR[LGHWRWDO
DQGWURSRVSKHULFFROXPQRUELW/VZDWKîNP
data set version 003, level 2, algorithm version 1.1.4.4 
data product was downloaded from NASA’s Goddard 
(DUWK6FLHQFHV'DWDDQG,QIRUPDWLRQ6HUYLFHV&HQWHU
*(6',6&XVLQJWKH0,5$'25WRROKWWS
GLVFVFLJVIFQDVDJRY$XUDGDWDKROGLQJV20,). 
We have analyzed the dataset and only considered 
WRWDO122 columns from cloud fraction below 20% 
RYHUWKHSHULRG7KLVGDWDVHWKDVEHHQ
UHSURFHVVHGDQGUHOHDVHGRQ'HFHPEHU&ODDV
2012).
2.1.1 Reconstruction of the mean column NO2 dis-
tribution
7KHPHDQFROXPQ122GLVWULEXWLRQRYHUD¿QHJULG
RIWKHRUGHURIDERXWNPFDQEHUHFRQVWUXFWHG
IURPPHDVXUHPHQWVGRQHRQDODUJHUIRRWSULQWKHUH
îNP2IRU20,VROYLQJWKHPDWKHPDWLFDOO\
ill-posed problem Y = K x + ڙ. In this equation, Y 
UHSUHVHQWVWKHYHFWRUFRQWDLQLQJDOO20,122 mea-
surements, x is the solution vector which contains 
WKHHVWLPDWLRQRIWKHPHDQFROXPQ122 distribution 
on the chosen grid, ڙ represents the deviation be-
WZHHQDFROXPQPHDVXUHGUHWULHYHGIURPWKHVSDFH
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measurement and the estimated mean value. ڙ is 
mainly dependent on the day-to-day variance, but 
also on the seasonal variance and measurement preci-
sion. The matrix K describes how the measurements 
are related with the mean gas horizontal distribution. 
It represents a forward model that reproduces mainly 
WKHIRRWSULQWRIWKH20,LQVWUXPHQWîNP2 at 
nadir). The reconstruction uses a Tihkonov-smooth-
LQJFRQVWUDLQW VLPLODU DV WKH RQH XVHG IRU SUR¿OH
retrievals or in image restoration. Further details of 
this method can be found in Stremme et al.
2.2 Zenith scattered sunlight DOAS
*URXQGEDVHG'2$6PHDVXUHPHQWVZHUHFRQGXFW-
HGDWWKH81$0FDPSXVLQ0H[LFR&LW\1
:EHWZHHQ$XJXVWDQG'HFHPEHU
Scattered light was collected by means of a telescope 
DQGWUDQVIHUUHGLQWRDQ2FHDQ2SWLFV75VSHF-
WURPHWHUZLWKD VSHFWUDO UHVROXWLRQRIaQPDQG
wavelength coverage of 291-501 nm. Spectra were 
WDNHQ HYHU\PLQXWH XVLQJ WKH'2$6,6 VRIWZDUH
.UDXVDQGZHUHHYDOXDWHGXVLQJWKH4'2$6
YHUVLRQVRIWZDUH)D\Wet al.'LIIHUHQWLDO
FURVVVHFWLRQVRI122DW.9DQGDHOHet al., 1998), 
23DW.DQG.%XUURZVet al., 1999), the 
R[\JHQGLPHU24+HUPDQVet al., 1999) and a Ring 
VSHFWUXPJHQHUDWHGDW.IURPDKLJKUHVROXWLRQ
.XUXF]¿OHXVLQJWKH4'2$6VRIWZDUH)D\Wet al., 
2011) were included in the analysis. The oxygen di-
PHU24 was included in the evaluation procedure in 
order to detect enhancement on the light path of the 
measurements since it is expected to have a constant 
concentration in the atmosphere. Evaluations were 
FRQGXFWHGLQWKHDQGQPZDYHOHQJWKUDQJHV
ZLWKD¿[HGUHIHUHQFHVSHFWUXPPHDVXUHGRQ'H-
FHPEHUDWORFDOWLPH/7XQGHUFOHDUVN\
and high ventilation conditions for the whole time 
series. Geometrical AMFs were calculated and used 
WRFRQYHUW6&'VWR9&'VIRUIXUWKHUFRPSDULVRQZLWK
20,UHVXOWV)RUWKLVLWZDVFRQVLGHUHGWKDWWKHOLJKW
SDWK WKURXJKD WUDFHJDV OD\HUYDULHVZLWKFRVș
ZKHUHșLVWKHVRODU]HQLWKDQJOH&KHQet al., 2009). It 
VKRXOGEHQRWHGWKDWWKLVVLPSOL¿HGDSSURDFKZLWKRXW
the use of a full radiative transfer calculation that ef-
IHFWLYHO\LQFRUSRUDWHVVFDWWHULQJSURFHVVHVUHÀHFWLRQ
on the earth’s surface, refraction, the curvature of 
the earth, the vertical distribution of trace gases and 
WKH LQÀXHQFHRIDHURVROV OHDGV WRDGGLWLRQDOHUURUV
GLVFXVVHGLQGHWDLOE\3ODWWDQG6WXW]
2.3 Surface measurements
6LQFHDQHWZRUNRIVWDWLRQVUXQE\WKHORFDO
JRYHUQPHQW5HG$XWRPiWLFDGH0RQLWRUHR$WPRV-
férico, RAMA) reports continuous and permanent 
PHDVXUHPHQWVRIFRQFHQWUDWLRQVRI23, sulfur dioxide 
622QLWURJHQR[LGHV12[FDUERQPRQR[LGH&2
and particulate matter PM10 and PM2.5 to evaluate 
air quality in the metropolitan area. All data generated 
by RAMA are freely available online at KWWSZZZ
FDOLGDGDLUHGIJREP[122 is determined using a 
nitrogen oxides analyzer based on the chemilumi-
QHVFHQFHPHDVXUHPHQWWHFKQLTXH)RUWKLVVWXG\122 
concentration results generated during 2010 and 2011 
E\3HGUHJDO1:7ODOSDQ1
:6DQWDÒUVXOD1:0HUced 
1:DQG)(6$FDWOiQN, 
99.24º W) stations situated close to the study site 
ZHUHXVHGWRFDOFXODWH122 columns, using mixing 
OD\HUKHLJKWV VHFWLRQDVZHOODVSUHVVXUHDQG
WHPSHUDWXUHGDWDVHFWLRQ
2.4 LIDAR
$9DLVDOD&/ FHLORPHWHU DQ DFWLYH LQVWUXPHQW
EDVHGRQWKH/,'$5OLJKWGHWHFWLRQDQGUDQJLQJ
measurement technique, was used to measure back-
scattered aerosol density at the UNAM campus, 
allowing the estimation of mixing layer heights. 
The measurement principle involves the transmis-
sion of pulsed laser radiation into the atmosphere, 
which is further backscattered and detected with a 
certain time delay. The measurement range of the 
LQVWUXPHQWXVHGLQWKLV¿HOGVWXG\ZDVIURPXSWR
7500 m above the ground with a 10 m resolution. The 
/,'$5ZDYHOHQJWKRIQPZDVSURYLGHGE\DQ
,Q*D$V02&9' ODVHUGLRGH QV -SHU
pulse, and repetition rate of 8192 Hz. The mixing 
KHLJKWZDVUHWULHYHGXVLQJWKH&/0/+VRIWZDUH
based on the gradient method, which is focused on 
selecting the maximum of the negative gradient of the 
EDFNVFDWWHUFRHI¿FLHQWȕ) to be the top of the mixed 
OD\HU GȕGx). A more detailed description of this 
methodology can be found in Münkel et al.
2.5 Meteorological parameters
Meteorological parameters were recorded by a 
'DYLV9DQWDJH3URVWDWLRQLQVWDOOHGDWWKH81$0
campus, forming part of the Programa de Estaciones 
Meteorológicas del Bachillerato Universitario 
3(0%8QHWZRUN)URP WKH GDWDVHW UHFRUGHGE\
405NO2 DOAS measurements from ground and space
the meteorological station, pressure and temperature 
ZHUHXVHGIRUWKHFDOFXODWLRQRIJURXQGEDVHG122 
FROXPQVEDVHGRQ122 concentrations measured by 
the RAMA network.
3. Results and discussion
3.1 Ground-based NO2 columns
)LJXUHVKRZVGLIIHUHQWLDO122 columns measured 
DW81$0EHWZHHQ$XJXVW  DQG'HFHPEHU
2011. The gaps in the graph represent periods where 
no measurements were conducted, either due to 
experimental problems, or periods of cloudiness or 
UDLQLGHQWL¿HGWKURXJKWKHDQDO\VLVRIWKHGDWDLWVHOI
XVLQJHYDOXDWLRQUHVXOWVRIWKHR[\JHQGLPHU2QO\
measurements conducted between 14:00 and 15:00 
/7DUHSORWWHGLQRUGHUWRGHSLFWFROXPQVFRLQFLGHQW
ZLWK20,RYHUSDVVHVa/7RYHU0H[LFR&LW\
/DUJHYDULDELOLW\RQGD\WRGD\122 columns was 
measured, illustrating the dynamics of fresh emis-
sions and rapid conversion of pollutants occurring 
LQ WKH VWXG\ DUHD7KHJURXQGEDVHG DYHUDJH122 
column values and standard deviation measured from 
$XJXVWWR'HFHPEHUEHWZHHQDQG
/7ZDVîPROHFXOHVFP2.
7KHDYHUDJHGLXUQDOEHKDYLRURIGLIIHUHQWLDO122 
columns measured at UNAM on the same measure-
ment period are presented in Figure 2. The maximum 
RIWKHPHDVXUHG122 differential columns is found 
around noon, which is consistent with the reported 
KRXUO\12[HPLVVLRQVIRUWKH0&0$E\WKHRI¿FLDO
LQYHQWRU\60$*')
3.2 NO2 spatial distribution
7KHDYHUDJHGLVWULEXWLRQRI122 total columns de-
ULYHGIURP20,PHDVXUHPHQWVFRQGXFWHGEHWZHHQ
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measurements conducted between 14:00 and 
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-XQHDQG'HFHPEHURYHUWKH0H[LFREDVLQ
LVGHSLFWHGLQ)LJXUH+LJKHU122 total columns are 
observed in the downtown area of Mexico City, which 
gradually decrease with distance from the city center. 
7KHDYHUDJHDQGVWDQGDUGGHYLDWLRQRIDOO20,122 
columns measured over UNAM during 2010-2011 
DWLWVRYHUSDVVWLPHaLVî 
PROHFXOHVFP2. While Figure 3 is simply the average 
of the columns falling on each grid point, Figure 4 
shows a reconstruction of the mean column gas dis-
tribution according to the methodology described in 
section 2.1.1. The reconstructed value of the average 
RYHU81$0IRUWKHVDPHWLPHSHULRGLVî 
PROHFXOHVFP2. A clear difference can be observed 
between the average and reconstructed column gas 
distributions with the average column being smaller 
over UNAM. This bias is present during all seasons, 
it might originate from the sensitivity of the space-
borne measurements to pollution near the surface and 
is discussed in more detail in section 3.3.
3.2.1 Three main areas of interest in central Mexico
From Figures 3 and 4, three main areas of interest in 
FHQWUDO0H[LFRFDQEHLGHQWL¿HGWKH7XODLQGXVWULDO
area to the north, a dominating blur centered around 
Mexico City, and the Cuernavaca valley to the south. 
However, the reconstructed map in Figure 4 allows to 
EHWWHUDSSUHFLDWHWKH¿QHO\GH¿QHGDUHDVZKHUHHLWKHU
122 columns are enhanced or diminished over the 
VWXGLHGDUHD/DFXVWULDQDQGPRXQWDLQRXVDUHDVLQVLGH
the MCMA are, for instance, more clearly observed in 
Figure 4 than in Figure 3. Also, the industrial and more 
GHQVHO\SRSXODWHGDUHDVDUHEHWWHUGH¿QHGDVZHOO
8QLTXHGLVWULEXWLRQVWUXFWXUHVRI122 columns 
above the MCMA were identified through the 
UHFRQVWUXFWLRQ RIPHDQ122 column distribution 
LQ )LJXUH D122 column enhancements can be 
observed on the northern and central parts of the 
city, which are characterized by intense and heavy 
WUDI¿FFHQWUDODQGQRUWKHUQSDUWVUHVSHFWLYHO\DQG
LQGXVWULDODFWLYLWLHVQRUWKHUQSDUW2QWKHVRXWKHUQ
HDVWHUQDQGZHVWHUQVLGHVWKH122 columns tend to 
decrease with distance of the city center, while on 
WKHQRUWKHUQSDUWWKHHQKDQFHPHQWRI122 columns 
is even extended towards the Tula industrial area 
)LJEIURPZKLFKDFOHDUIRRWSULQWZDVREVHUYHG
and differentiated from the MCMA.
The region around Tula shown in Figure 5b, is 
located in the state of Hidalgo, ~50 km northwest of 
Mexico City. It is characterized by the presence of a 
SRZHUSODQWDUH¿QHU\VHYHUDOFHPHQWZRUNVDQGRWKHU
PDQXIDFWXULQJLQGXVWULHV7KH20,IRRWSULQWFOHDUO\
VKRZVKLJKHU122 column values close to the indus-
WULHV$VLQWKHFDVHRIWKH0&0$WKH122 column 
enhancement gradually decreases with distance of the 
SROOXWLRQVRXUFHVZLWKDQ LQFUHDVHRI122 columns 
towards Mexico City. From Figure 5b, an empiric 
dispersion pattern of the plume of the Tula indus-
trial complex towards the southeast can be inferred. 
This result is consistent with previous studies using 
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FRQGXFWHGEHWZHHQ
-XQHDQG'HFHPEHU6DPHVFDOHDV)LJXUH
407NO2 DOAS measurements from ground and space
dispersion models addressing the transport of the 
emissions from the Tula industrial complex towards 
WKH0&0$&&$81$0GH)R\et al., 2009).
7KHWKLUGLGHQWL¿HGDUHDLQFHQWUDO0H[LFRZKHUHD
FOHDUWKRXJKOHVVLQWHQVH122 column enhancement 
is observed, is the Cuernavaca valley shown in Fig-
ure 5c. This result was somewhat unexpected when 
compared to the relatively small column enhancements 
observed above the cities of Puebla and Toluca, which 
are similar to Cuernavaca in terms of population 
and industrial activity. Cuernavaca valley, however, 
LVPXFK ORZHU LQ DOWLWXGH  PDVO KRVW RI
D ODUJH QXPEHU RI VXJDU FDQH SODQWDWLRQV'XULQJ
the industrial processing and harvesting intense 
biomass burning is practiced, which could explain 
WKHLQFUHDVHG122 column values observed with the 
20, LQVWUXPHQW$QRWKHU SRVVLEOH H[SODQDWLRQ LV
the impact of emissions by the surrounding states. 
Recently Salcedo et al.UHSRUWHGDQHI¿FLHQW
transport of ozone and its precursors to this area by 
the surrounding Mexico City and Puebla state, while 
Melamed et al.  GHWHFWHGGXULQJ D VWXG\ LQ
122 transport events southeast of Mexico City 
from and towards the Cuautla region.
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)LJ 122 total columns distribution over 
different areas of central Mexico reconstructed 
IURP20,PHDVXUHPHQWVFRQGXFWHGEHWZHHQ
-XQHDQG'HFHPEHUD7KH0H[LFR
&LW\PHWURSROLWDQDUHDE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WULDOL]HGUHJLRQDURXQG7XOD+LGDOJRDQGF
the Cuernavaca valley. Note that different scales 
have been used in the plots.
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3.2.2 Seasonal variability
$QDGGLWLRQDODSSURDFKZDVXVHGDQDO\]LQJ20,GDWD
LQWRWKUHHGLIIHUHQWVHDVRQVGU\DQGFROGFRYHULQJ
WKHPRQWKV RI1RYHPEHU'HFHPEHU -DQXDU\ DQG
)HEUXDU\GU\DQGZDUPIRUWKHPRQWKVRI0DUFK
$SULODQG0D\DQGWKHUDLQ\VHDVRQLQFOXGLQJWKH
PRQWKVRI-XQH-XO\$XJXVW6HSWHPEHUDQG2FWREHU
)LJXUHGHSLFWV122 total column distributions recon-
VWUXFWHGIURP20,PHDVXUHPHQWVFRQGXFWHGEHWZHHQ
-XQHDQG'HFHPEHUIRUWKHGU\DQGFROG
)LJDGU\DQGZDUP)LJEDQGUDLQ\VHDVRQV
)LJF. The same scale is used in all three plots for 
FRPSDULVRQ+LJKHU122 columns were measured 
during the dry and cold season, followed by the dry 
DQGZDUPSHULRGDQG¿QDOO\WKHORZHVW122 columns 
were found during the raining season. For the dry-cold 
DQGGU\ZDUPVHDVRQV WKHSDWWHUQ LV FRQ¿UPHGE\
WKHJURXQGEDVHGPHDVXUHPHQWVDW81$0)LJ
:DOODFHDQG.DQDURJORXKDYHUHSRUWHGVHQ-
VLWLYLW\RI20,WRVXEWOHWHPSHUDWXUHFKDQJHVZKLOH
Boersma et al.REVHUYHG122FROXPQV
times higher in winter than in summer in Israeli cities. 
The atmospheric stability characteristic of the dry and 
cold season promotes a larger number of molecules to 
be present in the studied area, while during the raining 
season, water is mainly responsible for the removal of 
pollutants in the atmosphere.
7KH122 total column distribution reconstructed 
GXULQJ WKH UDLQ\ VHDVRQ )LJ F DOORZV WR EHWWHU
LGHQWLI\ WKH SUHVHQFH RI DUHDVZLWK122 column 
enhancements over the cities of Toluca and Puebla, 
whose contribution is somewhat lost by the large 
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)LJ  122 total columns distribution 
over central Mexico reconstructed from 
20,PHDVXUHPHQWV FRQGXFWHG EHWZHHQ
RQ D1RYHPEHU'HFHPEHU
-DQXDU\ DQG)HEUXDU\ GU\ DQGFROG E
0DUFK$SULODQG0D\GU\DQGZDUPF
-XQH-XO\$XJXVW6HSWHPEHUDQG2FWREHU
UDLQ\VHDVRQ6FDOHIURPWRî 
PROHFXOHVFP2.
409NO2 DOAS measurements from ground and space
column densities measured over the MCMA, the Tula 
industrial area or even the Cuernavaca valley during 
other months of the year. Also, a transport between 
the MCMA and Cuernavaca is visible during the dry 
seasons both through the Cuautla and Cuernavaca 
sides, where the highway connecting both cities runs. 
7KLVFRQ¿UPVWKHSROOXWLRQWUDQVSRUWKLJKOLJKWHGLQ
the previous section and addressed by previous studies 
0HODPHGet. al., 2009; Salcedo et al., 2012).
3.3 Comparison of ground-based and space-borne 
measurements
A comparison of direct coincident measurements 
ZDV GRQH IRU122 JURXQGEDVHG DQG20,PHD-
sured columns. All ground-based measurements 
FRQGXFWHGGXULQJ WKHRYHUSDVV WLPHRI20,RYHU
81$0 a/7ZHUH XVHGZLWK D WROHUDQFH
RI  PLQ20,PHDVXUHPHQWV KDYLQJ D SL[HO
center within a certain radius are used. The num-
ber of coincident days for the direct comparison is 
increasing when using larger radius. Ground-based 
DQG20,PHDVXUHPHQWVFRQGXFWHGRQWKHFRLQFLGHQW
days and times were averaged and are reported in 
Table I along with its standard deviation, correlation 
FRHI¿FLHQWOLQHDU¿WRIIVHWDQGOLQHDU¿WVORSH,Q
JHQHUDOJURXQGEDVHGPHDVXUHG122 columns were 
 WLPHV KLJKHU WKDQ20,PHDVXUHG FROXPQV
which could be explained by the spatial discrepancy 
EHWZHHQWKHJURXQGEDVHGPHDVXUHPHQWVEDVLFDOO\
local) and the satellite averaged measurements. The 
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Fig. 7. Monthly average comparison between ground-
EDVHG20,DQG5$0$FDOFXODWHG122 columns.
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KLJKHVW FRUUHODWLRQ FRHI¿FLHQW ZDV IRXQG
ZKHQFRPSDULQJ20,GDWDZLWKDSL[HOFHQWHUIDOOLQJ
within a 20 km radius around UNAM; however, good 
correlation was also observed for data with pixel 
centers of 15 to 50 km radius around the ground-
based site.
7KH DYHUDJHV IURP20,122 columns shown 
in Table I, however, are underestimated since the 
LQVWUXPHQW¶VIRRWSULQWRIîNP2 at nadir covers 
a large area and the UNAM site is within a region with 
large gradients in its horizontal distribution. A better 
UHSUHVHQWDWLRQRIWKH¿QHVWUXFWXUHLVREWDLQHGE\WKH
reconstruction shown in Figure 4 according to the 
methodology described in section 2.1.1. The recon-
structed value of the average over UNAM for the entire 
WLPHSHULRGLVîPROHFXOHVFP2. This value 
is approximately three times lower than the average 
JURXQGEDVHG122 column measured over UNAM.
Furthermore, the satellite observation might 
not be sensitive enough close to the surface, where 
most of the pollution is present. A sensitivity of 0.5 
would actually explain the difference by a factor of 
2 between the mean values of the ground-based and 
VSDFHERUQH'2$6PHDVXUHPHQWV7KHVXUIDFHDOEH-
do of Mexico City in the 450 nm spectral region was 
measured by Castro et al.DQGUHFHQWO\GXULQJ
WKH0,/$*52¿HOGH[SHULPHQWE\&RGGLQJWRQet al. 
DQGIRXQGWREHLQDYHUDJHDURXQGDQG
0.07 respectively. Therefore, the estimated sensitiv-
LW\RIVSDFHERUQH'2$6UHWULHYDOVRQVXUIDFHQHDU
122DQRPDOLHVORFDOSROOXWLRQLQWKHPL[LQJOD\HU
should range between 0.2 and 0.7, which correspond 
to the two examples for surface albedo, 0.02 and 0.15, 
VKRZHGE\(VNHVDQG%RHUVPD
Monthly average comparisons were also made 
EHWZHHQ JURXQGEDVHGPHDVXUHPHQWV20, DQG
5$0$FDOFXODWHG122 FROXPQV )LJ $JDLQ
RQO\JURXQGEDVHGPHDVXUHPHQWVZLWKLQPLQRI
WKH20,RYHUSDVVWLPHa/7DERYH81$0
DUHNHSW20,DYHUDJHVZHUHUHVWULFWHGWRFROXPQV
ZLWK SL[HO FHQWHUVZLWKLQ   GHJUHHV ODWLWXGH
longitude of UNAM. Ground-based reported RAMA 
122 columns were calculated from the average 
FRQFHQWUDWLRQVPHDVXUHG E\ ¿YH VWDWLRQV ORFDWHG
near UNAM, multiplied by the measured mixing 
OD\HUKHLJKWVHFWLRQDQGFRUUHFWLQJIRUSUHVVXUH
DQGWHPSHUDWXUHVHFWLRQ$PRQWKO\F\FOHZDV
FOHDUO\LGHQWL¿HGKRZHYHULWZRXOGVHHPWRGLIIHU
slightly depending on the origin of the data. The 
calculated columns from surface RAMA data were 
WKHKLJKHVWIROORZHGE\WKHJURXQGEDVHG'2$6
PHDVXUHPHQWV DQG ¿QDOO\ WKH20, GDWD \LHOGHG
the lowest values. This result was expected since 
WKHJURXQGEDVHG5$0$VWDWLRQVVDPSOH122 at a 
VLQJOHVDPSOLQJSRLQWYHU\FORVHWRWKHVRXUFHVDQG
RUZKHQ LW KDV MXVW EHHQ UHFHQWO\ FRQYHUWHG7KH
'2$6JURXQGEDVHGPHDVXUHPHQWVDUHFRQGXFWHG
close to the sources as well, however, its location 
and vegetation around the UNAM campus could 
SDUWO\GDPSHQWKHGHWHFWLRQRI122 at the current 
sampling point. Furthermore, while the ground-
EDVHG'2$6 LQVWUXPHQW LV VDPSOLQJ DW D VLQJOH
SRLQWWKHREVHUYHGFROXPQVE\20,DUHHIIHFWLYHO\
DYHUDJHGRYHUWKHLQVWUXPHQW¶V¿HOGRIYLHZî
24 km2DWQDGLU\LHOGLQJORZHU122 columns than 
the other two instruments probably because of the 
averaging of polluted and unpolluted areas.
3.4 Spatial distribution of NO2 columns recons-
tructed from UNAM measurements
An additional analysis was made in the interest of 
gaining more information regarding the possible ori-
JLQRIWKH122 columns measured over UNAM, espe-
FLDOO\GXHWRWKHLQKRPRJHQHRXVGLVWULEXWLRQRI122 
FROXPQVLQWKHFLW\DWWHVWHGE\20,PHDVXUHPHQWV
The averaged surface wind speed and wind direction 
PHDVXUHGDW¿YHVWDWLRQVQHDU81$0ZHUHXVHGWR
compute the statistical wind propagation pattern that 
indicates the probability that a column measured at 
UNAM is originated or transported from a certain 
area of the city. Wind directions were analyzed on 
30º intervals, and a probability was assigned to each 
sector according to the relative frequencies. Each 
sector was differentiated into three regions according 
WRWKHLQWHUYDOVRIFHUWDLQSUREDELOLW\DQG
UHODWHGWRGLIIHUHQWLQWHUYDOVRIFRQ¿GHQFHRI
a log-normal distribution. Accordingly, wind speeds 
were expected to follow a log-normal distribution 
as well, described by the median and the log-normal 
VWDQGDUGGHYLDWLRQ)LJD
The false color of each region in Figure 8a indi-
cates the probability that an airmass will be measured 
at UNAM with the certain time delay of 2.25 h. This 
WLPHGHOD\XVHGIRU WKHYLVXDOL]DWLRQ)LJ LV WKH
HVWLPDWHG OLIHWLPHRI122 in the mixing layer with 
a typical temperature of the Mexico City boundary 
OD\HUDQGDFFRUGLQJWR'LOV7KHPHDVXUHG122 
columns were then distributed to the corresponding 
411NO2 DOAS measurements from ground and space
sectors using wind direction and wind speed at the 
time when measurements were conducted. The dis-
WULEXWLRQSDWWHUQRIWKHDYHUDJHG122 total columns 
reconstructed from the measurements at UNAM and 
wind measurements is presented in Figure 8b. The 
result of this approach indicates a tendency to measure 
KLJKHU122 columns when the wind direction is pre-
dominant from the north-northwest, coinciding with 
the most industrialized and populated area of the city.
4. Conclusions
122 columns were measured at UNAM in Mexico 
City and compared to space-borne observations con-
GXFWHGE\WKH20,LQVWUXPHQW6SDFHERUQH122 col-
umns were lower than ground-based measurements, 
which presented large day-to-day variations. The 
difference between space-borne and ground-based 
columns could be explained by the strong horizontal 
inhomogeneity of the lower layer of the measured 
122 columns and by the difference in horizontal sen-
VLWLYLW\RIWKHWZRWHFKQLTXHVORFDOYHUVXVDYHUDJLQJ
RYHUîNP2). More instruments located in and 
around the MCMA would allow to better evaluate the 
spatial distribution obtained from satellite measure-
PHQWV$QHWZRUNRIVHYHUDO0$;'2$6KDVDOUHDG\
been installed starting the fall of 2012, which will 
result in better ground-based coverage and accuracy 
of the reported columns.
$UHFRQVWUXFWHGGLVWULEXWLRQRIZHLJKWHG122 col-
XPQVRYHUD¿QHJULGZDVPDGHRYHUDODUJHUHJLRQ
LQ FHQWUDO0H[LFR DOORZLQJ WR VXFFHVVIXOO\GH¿QH
three main areas with enhanced pollution: the domi-
nating metropolitan area of Mexico City, the heavily 
industrialized Tula region and the Cuernavaca valley. 
2WKHUPD\RUXUEDQDUHDVVXFKDV7ROXFDDQG3XHEOD
showed in average relatively lower column densities 
than Cuernavaca. The considerably higher altitude 
of Toluca probably favors the photolytic destruction 
RI122, and this area does not appear to receive as 
much pollution from Mexico City, as the Cuernavaca 
valley. The importance of considering changes in 
albedo, aerosols load and their refractions indexes 
LQ122 photolysis rates should also be noted. The 
XQDQWLFLSDWHGHQKDQFHPHQWRI122 columns above 
the Cuernavaca valley, corroborates results from 
previous studies conducted by Melamed et al.
and Salcedo et al.ZKHUHDSRVVLEOHWUDQVSRUW
of pollutants from the MCMA have been discussed. 
A plausible source arising from the biomass burning 
DFWLYLWLHVLQWKDWUHJLRQLVVXJJHVWHGIRUWKHKLJK122 
columns detected.
From the reconstructed maps it is also possible 
to observe an important interconnection between 
the MCMA and the Tula industrial region, where 
emissions from one can evidently affect the other and 
the transport of pollutants between them most prob-
ably occurs. In addition, distinct seasonal variability 
RI122 columns over central Mexico was found, 
FRQFXUULQJZLWKSUHYLRXVVWXGLHVZLWKKLJKHU122 
columns measured during the dry and cold season, 
IROORZHGE\WKHGU\DQGZDUPSHULRGDQG¿QDOO\WKH
ORZHVW122 columns were found during the rainy 
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VHDVRQ)XUWKHUPRUHWKHVSDWLDOGLVWULEXWLRQRI122 
columns reconstructed from measurements conduct-
ed at UNAM indicate a tendency to measure higher 
122 columns when the wind direction is predominant 
from the north-northwest, coinciding with the most 
industrialized area of the city.
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